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Background  -  QuesTek  Innovations  LLC 


16  engineers,  9  with  PhDs;  founded  1997 
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~1 0  major  new  alloys  in  development 
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Serving  industry  and  government 
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Accelerating  the  Materials  Development  Cycle 
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Process -Structure  Modeling 


Computational  Materials  Dynamics  (CMD™) 

Fundamental  Parameters  Microstructural  Dynamics  Models 


Thermodynamics 

Bulk 

A 1 1  otrop  ic  Tran  storm  at  io  n  s 

— Chemical  (TC) 

Martensite 

— ►  blastic 

Baimte 

Surface 

berrite 

Macro 

Process  Models 


SYSWLLD 


Kinetics 
Bulk  (DiCTRA) 
Interfacial 
Detect 


Magnetism 


tlectronic 

Conduction 


Precipitation 

Numerical  Langer-Schwartz 

Coherency 

Coarsening 


DAN  1  b 


Solidification 

Scheil 

1  -□  simulations  w /  diffusion 
Liquid  density 


Dbl-GKM  \  I  f 


QJ 
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blastic  Modulus 


Molar  Volume 

Grain  Structure 
Kecrystallization 
Grain  Growth/Pinning 


PKOCAS  [ 
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A  First  Example  of  Materials  Design  for  Corrosion 
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Accidents  by  Aircraft  System 


Commercial  Jet  T ransport  Aircraft 
1958-1993 


□  Windows 

□  Air  Conditioning 

■  Autoflight 

■  Electrical  Power 

■  Navigation 

■  Engine  Exhaust 

□  Stabilizer 

□  Doors 

□  Fuel  system 

■  Nacelles/Pylons 

□  Power  Rant 

■  Equip/Furnishings 

■  Structures 

□  Hydraulic  Power 

□  Flight  Controls 

■  Wings 

■  Fuselage 

□  Engine 

□  Landing  Gear 


456 


0  100  200  300  400  500 


Occurences 

Source:  FLIGHT  SAFETY  FOUNDATION-FLIGHT  SAFETY  DIGEST-DECEMBER  1994 


Issues: 

Over  $200  million  spent  in  LG  per  year 
80%  corrosion  related 


SCO  failures 

Cad  plating  used  to  protect  current  steel 
known  carcinogen  (Hill  AFB  ~2000  Ibs/yr) 


Benefits: 

Dramatic  reduction  in  LG  cost  (60%) 

savings  of  $120  million  per  year 
Significant  reduction  in  SCC  failures 
Cadmium  plating  not  required 
General  corrosion  mitigated 
80%  of  Steel  Condemnations  Avoided 
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Design  Models  Founded  on  Scientific  Understanding  but 
Implemented  for  Optimization 


Aqueous  Corrosion 
Resistance 

>15-5PH  A 


|ue  Resistance 


>  300M 


PROCESSING 


STRUCTURE 


PROPERTIES 


Matrix 

Lath  Martensite:  Ms  >  200°C 

Strength 

Ni :  Cleavage  Resistance 

<7uts  >  280  ksi 

Co:  SRO  Recovery  Resistance 

<*ys  >  230  ks 

Cr:  Corrosion  Resistance 

Strengthening  Dispersion 


(Cr,Mo,V,Fe)2C 

Avoid  Fe3C,  MgC.  MyC3,  M23C 


Passive  Film  Formation 

Cr  partitioning  into  oxide  film 


E™  and  i 


Microsegregation 

Cr,  Mo.  V 


Grain  Refining  Dispersion 

d/f 

Microvoid  Nucleation  Resistance 


Toughness 

50  ksiVin 


Grain  Boundary  Chemistry 

Cohesion  Enhancement:  B,  Re 
Impurity  Gettering:  La,Ce 


AG<M2C>,  kJ'mote 


Seated  KhIh 
Constant.  m2/s 


♦  0.24C 

■  0.2C 

.  0  16C 

■  0.08-0. 1C 


Charlie  Kuehmann  -  “Thermal  Processing 
Optimization  of  Nickel-Cobalt  Ultra  High- 
Strength  Steels” 

PhD  thesis  Northwestern,  1994 

65 


Chris  Kantner  -  “Quantum  Steel” 
PhD  thesis  Northwestern,  2001 


M2C  Driving  Force  (kJ/mole)  with 
Cementite  Para-Equlllbrlum 


3.5  n 
3.0 

2  5 

2.0  H 

1.5 
1.0- 
0.5- 
0.0 
-0.5 
-1.0 
-1.5- 
-2.0 
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IA  IIA  IIIA  IVA  VA  VIA  VIIA  VIIIA  VIIIA  VIIIA  IB  IIB  NIB  IVB 

Alloying  Additions  in  Fe  Sigma  3 


.6mNaCI  6.6E-05mCO  1 .18E-04nfiCp  7E-04mFE  mNI 
1.5- 


Carelyn  Campbell  - 
“Systems  Design 
of  Stainless 
Bearing  Steel” 

PhD  thesis 
Northwestern, 

1996 


wt%(V) 


0.5 


-0.5 


-1.0 


Design  a  steel  with  a  wide,  robust  spinel  window 
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P-7 


Corrosion  modeling 
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Pourbaix  diagrams 


Design  a  steel  with  a  wide, 
robust  spinel  window 

ASTM  B117  pH  «  6. 5-7. 2 

Diagrams  not  very  sensitive  to 
composition 
Revised  oxide  TDB 

On  the  “oxide  formation”  side 
of  things 
Equilibrium 
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S53  Corrosion  Behavior 


Initial  Studies:  12  months 


Follow-up  Studies:  3  months 


PH  15-5  (195  ksi)  S53A  (285  ksi) 

-0.0005”  0.001’- 0.002” 


S53  (AMS  5922)  (288  ksi) 
0.001’- 0.002” 


Characterization  of  corrosion  pits 
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A  Corrosion  Modeling  Architecture 


Input 


Existing  model 


Model  to  be  developed 


Model  output 


First  principles  models 

*  Oxide  non- 
stoichiometry 

•  Transport  phenomena 
within  oxide  (e.g., 
oxide- vacancy 
interactions) 


Composition 
and  heat 
treatment 


Integration 

Platforms 


Underlying  nanostructure  and 
microstructure 

•  Cart)fc/es  (including  cementite) 

•  Precipitates 

•  bcc  Cr 


External 

conditions 


Oxide  characteristics 

•  Thickness 

•  Composition 

•  Defect  concentration 


1 


Oxide  formation 

model 


Oxide  dissolution  model 

Developing  of  pitting  sites  and 
oxide  dissolution 


Oxide  passivation  and 
breakdown  behavior 


Existing  design  models 

•  Phase  stability, 
precipitation  kinetics 

•  Strength 


New  alloy  design 


Emerging  design  models 

•  Toughness 

•  Fatigue 
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Multiscale  representation  of  the  metal/oxide  system 


FIJm  &ra*Hhi  niiaCfH-rtH 


(*,)  SliKJySW*  (b> 

Oxide  disso  lution 


Submicron  cementite  200  nm 


(c>  Local  Flhn  Oetichrrionl 

Oxide 

Oxide  layer 
■  Formation 

- >  -  Development  of  pitting  sites  and 

dissolution 


Underlying  microstructure  and 
nanostructure 

•  Solidification  microstructure 

•  Inclusions  (sulfides,  oxides, 
etc) 

■  Austenite  (retained, 
precipitated,  etc.) 

-  Martensitic  lath  structure 

•  Carbides 

■  Nano  scale  - 

- >  ■  Cementite 

•  Oth  er  strengthening  precipita  tes 

■  Nanoscale  bcc  Cr  < - 

—I  Base  metal 
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P-12 


Oxide  formation  and  dissolution 


Oxide  formation  (PDM  framework,  left;) 


Precipitated 
Outer  Layer/Solution 


(1)  m  +  V*'  -*  *Vm  +  U‘  (3)  My  4  U*  (aq)  ♦  V*‘  ♦  «-X)e' 

1  L 

(2)  ai  M,,  >(|)vo  W  VQ  ♦HjO  4  Oc 

l  It,  y 

(5)  MOI/2  -*  M4*  H20«-  ®-X)e‘ 


Oxide  formation 


a 


Calculated  Pourbaix  diagrams 


Oxide  dissolution  (PDM  framework) 


Metal  Film  Solution 


(a)  Steady  State  (to)  Vacancy  Condensation  (c)  Local  Film  Detachment 


Oxide  dissolution  and 
rupture 


Figures  from  D.D.  Macdonald,  Pure  and  Applied  Chemistry,  71(6), 
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Quantum  Mechanics  Insights  into  SCC  resistance 


3.5- 1 
3.0- 

2.5- 
2.0- 
15- 
1.0- 
0.5- 

0.0- 

- 

-0.5  - 
-10- 
-15- 


H/F e  :  Eh  -  Es  =  +  0.33eV 


-2.0 


IA 


-| - i - 1 - T - i - I - 1 - ■ - 1 - T — n - 1 - t 

HA  IIIA  IVA  VA  VIA  VIIA  VIUA  VIIIA  VlllA  IB  MB  IIIB  IVB 

Alloying  Additions  in  Fe  Sigma  3 
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Example:  Lower  Cost  Designs  for  Optimal  SCC  Resistance 


•  Ferrium  M54 

•  Navy  SBIR  program 

•  Navy  SBIR  topic  N07-032,  “Computational  Design  of  Advanced  Alloys  for 
USN  Landing  Gear.”  Currently  in  Phase  II  (contract  N68335-08-C-0288). 
TPOCs  Amy  Little  and  Michael  Leap. 

•  Phase  I:  2007-2008 

•  Phase  II  Base:  2008-2010 

•  Full-scale  production,  demonstration  of  1%  minimum  properties,  patented 
composition  with  commercial  licensee 


latrobe  Specialty 
STEEL  COMPANY 


2  105 


295 

UTS  (ksi) 


130 

120 

110 

100 

90 

_  80 
c 

1  70 

J2 

60 

50 

40 

30 

20 

10 

0 


2  extra  slow  tests 


S  tests  &OCP 
(-0.603,  0.615,  -01617, 
-0.633,  -0.64  V) 


Tests  In  air 

(KJ 


-0.9 


rr 

L 

Invalid  (?) 

~>t» 

l.. . 

rj 

4d 

|  2  tests  (1 

Extra 

slow 

test 

1 - 

v  A 

1  Invalid 

5- 

i"k 

....  \ 

( 

9 

|  -AI-OCP  | 

I  ~CdOCP  | 

1  Stte 

l-OCP  | 

ZL_ 


X  AerMctlOO, Air 

-B-AcrMctlOO,  KISCC 
•  AerMctlOO,  fatt 
AerMctlOO,  extra  slow 
X  M54  (SAESM52-2A,  old  HT),  Air 


-M54  (SACS  M52-2A,  old  NT),  WSCC, 
289  ksi  UTS 


A  MS4  (Metal  Works,  new  HT ),  10 SCC, 
300  ksi  UTS 


3  tests  &OCP  (all  -0.61V) 


8 


Voltage  (VKJ 


Extra  slow  =  (10/ 5/ 4, 8) 


Corrosion  Resistant  Naval  Alloys: 

Innovative  Multi-Scale  Computational  Modeling  and  Simulation  Tools 
Phase  I  Program  Review,  10  March  2010 
QuesTek  Proprietary  Information — SBIR  data  rights 
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Schematic  of  an  electrochemical  framework 
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Wt%  Zn 


QuesTek  “OCP”  designs  utilizing  implemented  models 


1?)  s 

* - 1 - T — ’ - ' - - - 1 - - - ’ - » - • - 

At  fixed  value  of 

•o 

> 

Cu and  Ag 

00  o' 

05 

<0  A  . 

O'  k>  O'  O' 
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d)  kj 

<9  ■ 

r  _ 
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O' 

p 

O 

O’ 

3 

O 


Wt%  Mn 


;(c) 

- ' - 1" - - - 1 - - - - - 1 - ' - - - ' - - - - 

At  6.5Zn  (no  Cu) 

\ 

v 

3.6 

4.4 

4.4 

4 

,2  a 

3  A 

% 

2& 

9  9 

%  . 

o 

d'  i 

_ ± _ ■ _ A _ ■ _ t _ ■ _ 1 _ t _ ■ _ 1 _ . _ 1 _ F _ l _ 1 _ _ H _ 1 _ t _ 

Wt%  Ag 


Wt%  Ag 


Light  blue:  OCP  difference  (in  V 
vs.  SCE)  between  matrix  and  eta  in 
T7  condition 

Green  (dark  blue  in  (c)):  Phase- 
fraction  eta  in  T7  condition 
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Simulated  solidification  curves  and  experimental  micrographs 
for  alloy  7075  and  QuesTek  alloy  AI-1B 


Solidification  simulations 
for  7075  and  QuesTek 
AM  B  alloy 


. 

7075 

>  '  .  y.  *y\  ■  "  iK 

- > 

7075 

M  *•  1  •’  V  '-f  ^ 

K 

. 

Eutectic  constituents 

t  '  r  -- v 

Remnant  constituents 

an 

an 

As-cast  +  stress-relieved 

Homogenized  +  T73  heat- 

microstructure  treated  microstructure 


White: 

Undissolved  S- 
phase/eta 


Black:  Al7Cu2Fe 


Fully  dissolve  soluble  solidification  constituents  by  selecting  optimal 
solidification  behavior  and  optimal  homogenization  treatment 
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Ductile 

Fracture 

[Moran, 


lOM 

Tomography 
[Olson.  Yoor  trees] 
Toughness, 
Fatigue  Strength 
Olson,  Kern] 


Fatigue 
Nik  lent  Ion 
[I\  Ic  Dowell. 
Olson] 


Research  Tools 


FSL(SEM  TE3VI) 
Toinog  .aphy 
[PollockJ 
Sheai  Instability 
[Olson.  Kern] 


Microvoid  Shear 
[Moran,  Liu,  Parks] 
Fatigue  Propagation 
[McDowell]  / 


LEAP 

Tomography 
[Seitlmau] 
Yield  Strength 
[Olson,  Kern] 


Transformation 
Toughening 
[Parks,  Olson] 
Precipitation 
Strengthening  , 
[Yoorhees. 
Wang,  Jon] 


Se  incoherent  IPR 

Adhesion 

[Freeman, 

Jerome,  Wang] 


Bond  Topological 
S  P  Relations 
[Eberhai  t] 
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digital 

structure 


nAooft 


MSC  Fatigue  Modeling  Approach 


Cp lj e sTeh;  Georgia 

INNOVATIONS  LlLC  ’  Tech 


Input  to 
Microstructure- 
Sensitive 
Fatigue  Life 
Prediction 


Free  surface 


SOOjim, 


Microstructure: 

•partially  debonded 
NMP  (Al203),  intact 
NMP  (Al203),  or  pore; 
distances  to  free 
surface,  size 
extremes  (from  *) 
•mesh  —  grain  size, 
.orientation 


FEM  Model: 

•(500pm)3  box 
•one  embedded  anomaly 
•one  free  surface 
•loading  or  displacement  koOiAm 
^control  along  z-axis 


u,  or 


0,0,0 


'Test  Conditions 
(from  *): 

•a=1100  or  1200MPa 
•T=650°C 
i*R=0.05 


ad  contro 


500jum 


uy=0 


INI 00  crystal 
plasticity  UMAT 
developed  by  GIT 
under  DARPA  AIM 


ABAQUS  cyclic 
loading  simulations 


S.  Jha,  M.  Caton,  and  J.  Larsen,  Superalloys  2008,  p.565 


3D  Tomography-Assisted  Mechanistic  Fatigue  Modeling  and  Life  Prediction  for  DMHT  Aeroturbine  Disks 

Topic#:  AF083-077;  Contract#:  FA8650-09-M-5216 
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Fatigue  Modeling  Accomplishments 


tp  i—i  e  sTe j-c  Georgia 

iNNOVATiQNS  LlLC  ’  Tech 


Demonstrated  feasibility  of  microstructure-sensitive 
fatigue  simulation  and  fatigue  life  prediction 


Microstructur 

IN  100  crystal 
plasticity 
UMAT 

Conditions 


(a) 


1200 


CL 

£  1150 

X 


1100 


1050 


ABAQUS 


Fatigue  life  prediction 
•Correct  ranking  of 
microstructure  effects 
Good  estimate  of  fatigue  life 


PD 


/ 


Surface 

Pore; 


Subsurface 

Pore 


{U 


31  Sill 


O  Exp.  Surface  NMP 
□  Exp.  Surface  Pore 
Exp.  Subsurface  NMP 


Sufface 


NMP 


Subsurface 

PDiNMP 


Surface 

Pore 


Subsurface 

Pore 


Experimental  data  from  $. Jha, M.  Caton, 
and  J.  Larsen,  Superalloys  2008,  p.565 


Surface  or 
Subsurface 
Intact  NMP 


100  1,000  10,000  100,000  1,000,000 

Nf(  cycles) 


OO 


3D  Tomographic  Reconstruction 
Illustrated  Microstructure  Features 
Around  Fatigue  Initiation  Site 


Synthesized  fractographic  and 
metal lograhic  data  for  NM P/pores 


(c) 


Non-Metallic  Particle  Radius  (m) 

Developed  approaches  to  incorporate 
dwell  effects  in  transition  zone 


3D  Tomography-Assisted  Mechanistic  Fatigue  Modeling  and  Life  Prediction  for  DMHT  Aeroturbine  Disks 

Topic#:  AF083-077;  Contract#:  FA8650-09-M-5216 
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Material  Qualification 


•  SAE  -  Aerospace  Materials  Specification  (AMS) 

-  This  is  the  material  procurement  document 

-  Data:  3  heats,  30  tensile,  30  fracture  toughness 

•  Analysis/approval  by  Battelle  Memorial 

-  Document:  draft  an  AMS  document 

•  Approval  by  AMS  subcommittee 

•  Approval  by  AMS  -  Aerospace  Council 


•  Metallic  Material  Properties  Development  and 
Standardization  (MMPDS) 

-  This  is  the  design  allowables  document 

-  Data:  10  heats,  100  tensile,  30  fracture  toughness,  20 
compression,  20  shear,  20  pin  bearing  (e/D  =  1.5,  2.0), 
physical  properties,  etc.. 


•  Analysis  by  Battelle  Memorial 

•  Approval  by  MMPDS  committee  and  FAA 
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Property 


Accelerating  the  Qualification  Cycle 
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rmiqpjr 

k.  A 


AIM  Application  Example:  Ferrium  S53® 


Data  generated  for  3  melts/Simulations  for  10  Data  generation  for  10  melts 

•  Predicted  A-basis  minimum  =  280  ksi  UTS  •  A-basis  minimum:  280  ksi  UTS 


UTS,  ksi 


•  AIM  has  demonstrated  reliable  predictions  for  design  minimums 

•  Allows  designers  to  consider  alloys  prior  to  full  design  allowable 
development 

•  Reduce  costs  and  risks  for  material  design  and  development 
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Flying  Cybersteels 


•  S53  Field  service  evaluation  (approved  August, 
2010) 

-  6  to  24  months  in  test  to  determine  preventative 
maintenance  cycles 
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Experience  lets  us  expand  to  new  platforms 


Original  Demonstrations 


New  Platforms 
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and  to  new  applications 


Capability  extensions  such  as  new  surface  hardening 
processes  allow  us  to  explore  applications  where  life  is 
limited  by  wear... 

RGAs:  Wing  Folds/Leading  Edge  Flaps 
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The  next  frontier 


♦Lanthanide  series 

♦♦Actinide  series 


lanthanum 

cerium 

praseodymium 

neodymium 

promethium 

samarium 

europium 

gadolinium 

terbium 

dysprosium 

holmium 

erbium 

thulium 

ytterbium 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

138.91 

140.12 

140.91 

144.24 

[145] 

150.36 

151.96 

157.25 

158.93 

162.50 

164.93 

167.26 

168.93 

173.04 

actinium 

thorium 

protactinium 

uranium 

neptunium 

plutonium 

americium 

curium 

berkelium 

californium 

einsteinium 

fermium 

mendelevium 

nobelium 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

Ac 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

No 

_ [227] _ 

232.04 

231 .04 

238.03 

_ [232 _ 

_ [244] _ 

_ [241 _ 

_ [247] _ 

_ [M2 _ 

_ [251] _ 

_ [252] _ 

_ [252 _ 

_ [258] _ 

_ [251 _ 

CjZlLJ 


W 
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Using  ICME  to  Significantly  Improve  Equipment 
Performance,  Affordability  and  EHS 


Marine  Corps:  M6 7854-05- C-0025 


:  W15QKN-09-C-0026 


Navy:  N6 5538-09- M-0088 


Virginia  Class 


Army/Picatinny: 


Army/Picatinny: 
DAAE30-01  -9-0800 


Navy/ONR:  N00014-05-C-0241 


W15QKN-05-P-0181 


ONR:  N0001 4-09- M-0220 


ONR:  N0001 4-08-M-0309 


LHA-6 


Marine  Corps:  M67854-10-C-6502 


nature  Alloy 


Future  Lightweight  Medium 
Machine 


gun  barrel  alloy 


Naval  EM  Railgun 


NAVAIR:  N6 8335-07- C-0302 
and  N68335-08-C-0288 


E^M54'" 


ONR:  N0001 4-05-M-0250 
NAVAIR:  N68335-06-C-0339 


DoD/ESTCP;  Air  Force,  Ogden  UT;  General  Atomics 


ONR:  N0001 4-07-M-0445  STTR-I 


AFRL  FA9550-09-C-0027 


Army  W91 1 W6-09-C-0001 


NAVAIR:  N68335-09-C-0215 


NAVAIR:  N6 8335-07- C-0428 


NAVAIR:  N68335-05-C-0207  and 
N68335-07-C-0108 


JSF 


Be-free 
High  Strength 
Cuprium" 


M  icroilru  el  u  re  tW  od  ft  I  i  ng 
iin  Ni-Superalloys 


AFRLJPratt  &  Whitney 
Rocketdyne  PO  4410000226 


AFRUFrattS  Whitney 
Rocketdyne  NR074Gf741 


AFRL  FA8650-09-M-5216 


DOE:  DE-SC0002234 


NSF  IIP-0839678 


DOE:  DE-SC0002475 
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Thank  You 


Questions? 

Charlie  Kuehmann 

(847)  425-8222 
ckuehmann@questek.com 

http://www.questek.com 
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